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Introduction 

The Cassini  spacecraft  was  launched  on  October 1.5, 
199i by a Titan dB launch vehicle. .After an  interplan- 
etary cruise of almost  seven  years,  it will arrive  at  Sat- 
urn in July 2004. Pnlike  both Voyager 1 and 2.  which 
only flew  by Saturn,  Cassini will orbit  the  planet for at 
least  four  years.  Major  science  objectives of the  Cassini 
mission  include  investigations of the  configuration  and 
dynamics of Saturn's  magnetosphere.  the  structure  and 
composition of the  rings.  the  characterizations of several 
of Saturn's icy moons,  and  others'. 

The  Int,erplanet,ary  Cruise  phase of the  Cassini  mis- 
sion  includes  two  flybys of Venus  (April  1998  and  June 
1999)  and  flybys of Earth  (August 1,999) and  Jupiter 
(December '2000). Most of the velocity change ( A p )  
needed for the  trip  to  Saturn is obtained  from  these  plan- 
etary  gravity  assists,  but  Cassini must.  occasionally  per- 
form  Trajectory  Correction  Maneuvers  (TCMs) to "fine- 
tune"  the  trajectory  during  the  Cruise  and Tour phases 
of the mission. 

Traject,ory  Correction  Maneuvers may be  performed 
using  either a mono-propellant  (hydrazine)  system or a 
hi-propellant  (nitrogen  tetroxide and monomet,hyl hy- 
drazine)  system.  The  mono-propellant  system  (suhse- 
quently referred t.o as the  Reaction  Control  System or  
RC'S) t:onsists of four  2-facing 1 N thrusters  and four 
facing I N t,hruaters  and is used only for s:mall TC'5ls ( <  
1 111;s) and for three-asis  attitude control of t,he  space- 
(.raft. Large TC'Sls are  performed using the  hi-proprllant 
system and one of its two l.13 N gimballr.cl main ellgines'. 

RC'S 'Tc'.\Is are terminatPc1 when the a t t i t~lde control 
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flight software  estimate of the achieved A? magnitude 
(based  on a software  model of t,hruster  performance) is 
equal to the  commanded A p  magnitude.  In  contrast. 
main  engine TC'Sls are  t,erminated  using AV measure- 
ments  from a single-asis  accelerometer.  The  accelerom- 
eter is not used to terminat,e  RCS  TCXIs  because  the ac- 
celeronleter is not  sensitive  enough to accurately  measure 
AV imparted on the  spacecraft by the RCS thrusters. 

The Cassini  accelerometer  measures  the total A \ -  
along a single  axis which is closely aligned  with  the  space- 
craft Z axis. However. the  main  engine  t,hrust  vector  is, 
in  general,  not  aligned  with  spacecraft Z axis.  There- 
fore.  knowledge of the  thrust vector  direction  in  space- 
craft  body  coordinates is used to "de-project" - the A \ *  

.measured  along  the  accelerometer  axis t,o AV along  the 
thrust. FVhen the  magnitude of the "de-projected" A c  
is greater  than or equal to the  commanded Ai. ,  the TC31 
is terminated. 

Goals 

The  primary goal of this s tudy ti'ils to c-onfirm the 
preflight  estimate of the ~Cr~lt'rOIll~tr'r's scale factor us- 
ing an in-flight (*alihration  algorithm. .\lthough all of 
the TC5Is to clatt, have bee11 highl~. iIc.(.lIrate i n  burn 
duration. i t  is still important to c ~ l 1 r v . l ;  w h a t  influence 
the IauIwh. temprrature c:yc.les;. ;inti other variables  have 
011 the scalr factor. . 4 h .  this in-flight calibration algo- 
r i t h n l  would t w  valuable as a tliagnostir tool for wsir i n  
the event o f  ;L signiti,.:lrlt n l a w u v e r  f . s t v . t l t i o r 1  e r r o r  (that 
{.an I>*, t r n c . t d  to t h t ,  ~ ~ ~ ~ ~ ~ ~ ~ l f ~ r ( ~ ~ ~ ~ r t r ~ r ) .  



t I I O  q r o l l t l c l .  l ) o l q ) l ~ ~ r  s h i f t .  i t 1  t I I P  l'rr,clIic*rv.y o t ' s p m n ~ r a t t  
t r;tc.kirtg siytl;lls rf.(.(\ivc*(l by t l l v  grol t t tc l  rc .c4ving  s t a t i o n >  
is ~tscd t.0 c.st.i1n;lt.c, a, ~ ~ o t ~ ~ ~ ) o n t ~ ~ ~ t ,  o f  AC' t . l t a t .  is par;tll~4 t o  
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~ . o n l p c ) n + ~ t l t  o f  A \ '  t l l i t t  is par : l l l (~ l  t o  tI1c .;p;Ic.cc.r;Ift, %- 
A X I S .  These tI1f~:tstlrc~rnetIts arc r f , l ; t t d ,  and we I'nl1 t1sv 
the highly ;I('t:llr;tt,(l Uopplcr t l a tn  t,o est.irnatr t , h e  s d r  
factor of the ac:c:r:lrrornet,er. 
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[,et, Z ( t )  = [ u x ( t ) .  u y ( t ) .  [ l l ; ( t ) lT  rIenot.e t,he t,inle- 
varying  spacevraft,  acceleration v( \ l . t o r .  i n  m/sy. anti 
given in the  spacecraft body coordinate franw. F o r  a 
short-duration 'FC'51 which consumes  little  furl, t,he tnass 
of the spacecraft, remains nearly unchanged  across  the 
burn. As such,  the  acceleration  comp0nent.s  do  not vary 
significantly  with  time. On the  other  hand. for a long- 
duration TCM (such as the 87.6 minute Deep  Space Ma- 
neuver  described  below),  the  time  variation of these  ac- 
celeration  components  cannot be ignored  in estimating 
the accelerometer  scale  factor. To first order, we assume 
that: 

a x ( t )  = arc  + mrt 
U Y ( t )  = a y c  + m,t (1) 
u , ( t )  = u , ( t )  

Here: a X c  and uyc are  the X and  Y-axis  components of the 
spacecraft  acceleration, respect,ively, at  the  start  time of 
the  burn. Xlso, m, and my denote  the  time  rates of in- 
crease of the  spacecraft,  acceleration  components.  along 
the X and 1- axes.  respectively.  Furthermore, let us de- 
note  the  unit vector of the  Earth-to-spacecraft  vector. 
in  spacecraft  body  coordinates, by ? ( t )  = [ r x ( t ) ,  ry ( t ) .  
r.- (t)lT.  The  unit vector r ( t )  is  comput'ed  using the est,i- 
mated  spacecraft  trajectory  and  Earth  ephemeris  (both 
given in a 52000 inertial  coordinate  frame)  and  the on- 
board  estimate of the  spacecraft  attitude relative to  that, 
inertial  coordinate  frame. I n  terms of the  components of 
Z ( t )  and r ( t ) .  the  Doppler  measurements. l ,*D( t ) ,  in m/s. 
are given by: 

(1 
(It - { l - D ( t ) l  = Z ( f )  r ( t )  = t7rcr ,r( t )  + m, t r , .( t)  

+uycry(f)  + )fly f I . y ( f )  + u:(t)r:(t) ( 2 )  

The Z-axis component of t h e  spa(-ecraft,  wtrrleration 
vector. t r , ( t ) .  is related to the ac-tt+ronleter r a w  nwa- 
surrwent. I ."c"(f)  ( i n  units o f c l x t ; t  n r t t n b e r ) .  h!: 

tl 
tlt 

( ~ , ( t )  = Ii,~--{I~"""(f)} - I<I,,,, ( 3 )  

t l t v .  f i s f  ( i n  n ~ / s  pr'r d ; ~ t a  nutnhrr) nntt f ib , ; i s  ( i n  III/'s?) 
clt,notc t I l r  .;(-de fac'tor anti tias of t h c .  ~ ( . ( , ~ l f ~ r o t l l t ~ t t , r ,  

r c ~ > l ) ~ v . t , i v ~ ~ l y .  I h ~ l o r f ~  I I I ~ .  s t : I r t  I ) ~ ' + , : I I ~ I  I I I ; I I I I  t-t1yitw ' T ( ' X 1 .  
I 111, 1)i;l.s o f  t . 1 1 ~  ~ ~ ( . ( . ( ~ I c ~ r ~ ) ~ ~ ~ c ~ t ~ , r  is ~ ~ : 1 l i l ) r ; t t ( ~ ( l  l)y o h w r v i q  
I 1 1 1 .  o l l t . l ) t t t  o f  t h r .  ;I(.(.(~l(,r[)tll(~t(,r  whilr. t , l l ( x  sp:h(.f>(.raft is 
I I I  ; I  ~ \ l l i c w w 1 t  st:1t1>. 

11' w c '  t 4 i t t I i t t : t t v  ( I , ( / )  l'ro111 1 t w  I w t  t . w o  r.cllla,t,ious n t ~ l  
i t 1 t ~ ~ g r a t ~ t ~  t h e  r f ~ s l ~ l t i y g  c ~ c l l l ; l t i o r l  w i t , } ]  r w p w t  to t,ilne 
f'rotI1 tk t u  t ? .  \VI> Ol>t: t i l l :  

: = frp ( 4 )  

tierr, 3 = ~ ~ ' ~ ( t ~ ~ - ! ' ~ ~ ( / , ~ } + ~ < l ~ ~ : ~ ~  I,',' r : ( / ) ( / t .  ist,tw 
measurentrnt. and = [ u . ~ ~ .  c lYc .  [<sf. m,. ru , jT  is a 3x 1 
unknown paramet,er vrc-tor whose t,hircl component is 
the t,o-be-estimated  ac&lerometer  scale  factor. The 1 x 5  
matris H = [L~: r,?(t)clt.  Jtt: r.!,(t)dt. J:: r , ( t )  i.acC t d t ,  
Jt'; r x ( t )  t d t .  ry( t )  i d t]  is the  observation  rnatris. 
The problem  has now been espressed in a form to which 
numerous  linear  estimation  techniques  may be used to 
determine  the unknown parameters3. 

A Least-squares  Estimation  Methodology 

Typically. we have some u priord knowledge, Gap. of 
the  approximate  magnitude of the  components of $even 
without, the  measurement  data.  Hence, we may  exploit 
this knowledge to improve  our  estimate of F. The  mag- 
nitudes of the Fop components  are  determined as follows. 
Let u( t0 )  and u ( t f )  denote  the  accelerations of the space- 
craft. in  n1/s2. 3.8 minutes  after  the  start  and 3.8 minutes 
before the  termination of the 87.6 minute DSJI, respec- 
t,ively. In  this way. we do  not use da ta  given  in  bot,h 
the  ignition  and  termination  transients of the  maneuver. 
The  mean t,ime rate of increase of the  spacecraft acceler- 
at,ion. in m/s3. is  given  by: m = [ a ( t r )  - u ( t o ) ] / [ t j  - t o ] .  
Let u! = [wr .  u y .  u:  I r  denote  the  direct,ion of the en- 
gine  thrust vector at t o  in the  spacecraft  body  frame 
(which is  available  from telemetry).  The a priori value 
of the  accelerometer  scale  factor. Iisf3 is  available  from 
ground  tests. Csing  these estimates of tk,  to). u r .  u ' ~ ,  

and ICsf. we have: Fc,!, =[u( t , ] )  wr. a ( t 0 )  u : ~ ,  ZCsf. th u x .  

t i ,  1l .JT.  

.-I good cstimate of ,!7. taking into account both  the 
n~t~asurenlen t  t. nncl  the cl priori knowledge p,, IS the 
~ ~ ~ ~ i ~ h t ~ ~ l - l ~ ~ ~ s t - ~ ( ~ ~ ~ i ~ ~ ~ ~ ~  estimate of y'denotetl by c5;,~s. I t  

. . .  

.I = 



E{F- cap]k- Fa,]?'} where .'E" is the  Espected Value 
operator.  Similarly, R denotes t.hc .V x .V error covari- 
a n c : e  ntnt r i s  of r,he measurement error  ?' ( =  ? - HA: R 
= E{<,?'}. The "sizes" of S and R w i l l  adjust t8he es- 
t,inlate to within a certain regiou of the  initial guesses 
and t,he data. respect,ively. Not,e that if Fa, is a good 
estimate of P: then S is small. Accordingly. a larger 
weighting matris S" is used i n  the first quadratic  term 
in J .  Similarly. if the  measurement  ?is  accurate,  a  larger 
weighting R-' is used in the  second  quadratic  term in J .  
The  parameter vector &is that minimizes J is obtained 
by setting  e.J/tlp'to zero. The result  is3: 

F~~~ = F~~ + G H ~ R - ~  (7 -  ~p;,) (6) 

where  t,he 5 x 5  matrix G is a symmetric.  non-diagonal. 
positive-definite matris,  representing t,he  covariance  ma- 
trix of the error of the  est,imated  parameter vector &.is. 

It, is given  by: G-' = S-' + H T R " H .  

Cassini Deep  Space Maneuver 

The Cassini  Deep  Space  Maneuver (DSSI). a 450 m/s 
main  engine TCM, was successfully  executed on Decem- 
ber 2.  1998. The  purpose of t,his  maneuver was to lower 
perihelion so that Cassini  would  subsequently  pass close 
to Venus  for a  gravity  assist.  This is tlie  second  largest 
TCM that Cassini will ever perform  (Saturn  Orbit Inser- 
tion.  to be performed  in July 2004, is the  largest)  and  it 
represented  a  unique opportunity  to  test  the  algorithm 
described  above. 

As mentioned  earlier.  the  accelerometer  bias (I<blas) is 
est,imated by monitoring  the  accelerometer  output while 
the  spacecraft is dynamically  quiescent.  The value of 
I<blas  estimated  immediately  prior to the Deep Space 
hlarlruver is O.OO306T nl/s'. Also. the first, and last 3 . 8  
minutes of the  87.6-nIinute DSXI measurrment  data. in- 
volviug  either burn ignition or termination transients. 
are not ~ ~ s e t l  i n  estimating  the  acceleronleter  scale fac- 
to r .  [ loppl t~r  data. ephemeris data. accelerometer data. 
et(. . .  a r t>  not available ;It a (:ollsti\I1t rate. The least fre- 
( I u t w t  of t h t w  rates is tlmt of t,he acwlrronletrr data 
1vhic.tr is ;lvailnble onw every A T  = S sec-olds. ' T o  avoid 
intrrpolatiotl errors. this sampIi1~g rate \vas  used ovr'r t h c ,  
SO t I 1 i n I I t ( ,  ( l a t a  span. t 1 t w . r ~ .  .\- = 80 \ t;O/S = tiOO. 

For r h e  I)S\l. (I p r l o / ~ ~  vx1lrc.s of v a r i w t s  p n r n m e r ~ r s  
arf '  est i l n a t t d  ;IS follows. ' I ' h t ~  vrrqinr th rus t  u t l i r  vc"c.tor 

at. to .  C I S ,  is [-0.02565. - 0 .  132-1, -0.9009]T. The  magnitude 
of t h e  acceleronleter scale fact,or determined via ground 
tesrs. csf. is 0.002020(% m/s per data  number. 'Ttlf, 

spa(-wraft, acceleration at to.  to). is est,inlat,ed to be 
0.08 m/s2 from telenletry. 'rhe estimat,ed value of m 
is 2.-UiP2 x lU-" m/s".  The  estimation  llncert,ainties  of 
t,hese u yrtorz estimates  are  captured by the weighting 
matr is  S .  The  diagonal  elements of S ,  in ascending  order 
and i n  appropriate  unit,s,  are:  (0.1 x a(&,) u,}? (0.1 x 
a ( t o )  u ~ ~ } ? ,  '2.712x10". (0.1 x rn ut,}?, (0.1 x r n  u : ~ } ? .  

The  measurement  uncertainties  associated  with  both 
t,he  Doppler data  and accelerometer data  are  captured 
by the  matrix R. . i l l  the  diagonal  elements of R are 
ident,ical  and  are given by u ~ ?  = '?udoppler 2 + Bblas? x 
F: x AT?. I n  our study. we use: udoppler = 0.0011'25 
m/s. dblas = :3.3x lo-" n1/s3.  t,he  time-averaged  value of 
r 2 ( t )  = F, = -0.Sl48.  and A T  = 8 seconds. 

Results of Robustness Test and  Discussion 

.is described  earlier. an a priori estimate, Fa,. with 
its  estimation  uncertainty S ,  and  the  measurement  un- 
certainty of both the Doppler  and  accelerometer data. R, 
were  used  in  producing a weighted-least-squares  estimate 
of the  accelerometer's  scale  factor.  It is of interest to 
investigate t.he sensitivities of the  resultant scale factor 
estimate with respect to FaP, S ,  and R. Another  robust- 
ness test which investigates  the  dependency of l.7'~~ on 
the  number of data points used  in the  estimation process 
was also performed. 

The  algorithm did  prove to be &her  robust, wi t ,h  re- 
spect t.0 both  initial guesses and  uncertainty of the ini- 
tial  guess (the covariance matris is 5') .  but. less so t,o- 
wards uncrertainty i n  the rneasurement data (t,he covari- 
ance n ln t r i s  is R )  and data  frequency. \.Vith an initial 
guess that varies w i t h i n  t,he range of 1.82 to 2.22 mm/s 
per data n u n 1 b t . r .  Fig. 1 shows that t h t ,  converged scale 
factor is 1.9TtiU 111n1/s per data  number. Results ob- 
tained by varying the nomillid 10% uucwtainty i n  the 
initial gt~csses of t'orllponc'nts of cup (e.g. .  rhr first corn- 
ponent of .s is { o .  I \ ( [ ( / , ) )  / ic}') : w  givru i n  thr s ~ -  
ond row of 'Tnhlr 1 .  Sotc, t h a t  the ronvergetl scale fac.ror 
v n l u e  is not sensiti\.t, to vari;ttions i u  t h e  initial guess 
ut1(.vrt;Iinty. 

1:igtlre 2 and r h t >  tltircl row of 'I';thle 1 shorn that i f  
only ( N O  P C I U ~ I I > .  s ~ ~ i l ( ~ t ~ t l  ( I ; L I  a a r f l  I I S ~ Y I .  tttt. t*onvergtd 



. i l l  things  considered.  the  algorithm  yields a scale 
factor  estimate  that is about 2.2% below t,he  ground- 
calibrated value of 2.020 mm/s per data  number.  Prob- 
able  causes  are: (1) spacecraft  center-of-mass  migration 
during  the DSM burn  wasn‘t  modeled: (2) the  small  an- 
gular misalignment between the accelerometer  axis  and 
the  spacecraft, Z axis was ignored:  and ( 3 )  t,he  accelerom- 
eter is not mounted  near  the  spacecraft‘s  center-of-mass 
and will therefore  detect a small  cent,rifugal  acceleration 
with any non-zero spacecraft  angular  rate  during  the 
DSN. Errors introduced by (1) and ( 2 )  could  be  min- 
imized if knowledge of the  center-of-mass  migration  and 
the accelerometer  axis  are  incorporated  in  the  formu- 
lated  problem. 

Conclusions 

To  the best of our knowledge,  there  aren’t  any  pub- 
lished  results on the in-flight  scale  factor calibration of 
an accelerometer  used in past  interplanetary  missions. 
As such.  this  study fills a  gap in the  literature  on  the 
in-flight characterization of accelerometers.  Considering 
the  simplicity of the  approach used in t,his study,  the esti- 
mated value of the  accelerometer’s scale  fact,or  is  surpris- 
ingly  close to the  ground-based  value.  Furthermore,  one 
sensitivity  test  performed i n  this  study  suggests  that  an 
even better  match is possible if t,he  accelerometer’s out- 
puts are sampled  more  frequently.  This fact,or should be 
emphasized i n  all future  attempts to perform  in-flight 
c-haracterization of a spacecraft‘s  attitude  sensors. It, 
is likely that we w i l l  apply the developed algorithm  on 
data gathered from f u t u r p  main  engine TC‘M burns. I n  
this way. we can s t u d y  the  long-term  stability of the 
~ I , . ~ J P ~ ~ T O I I ~ ~ ~ ~ T ’ S  scale fwtor i n  an a?ctual space  environ- 
I l l t ’ n t .  
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